Abstract 1-Octylcyclopropene (1-OCP) and 1-Decylcyclopropene (1-DCP), ethylene receptor inhibitors, analogues to 1-MCP, substituted with longer carbon chain in the 1-position were investigated in miniature potted roses cultivar 'Lavender'. All levels of both chemicals protected as compared to untreated plants. 1-OCP and 1-DCP were the most effective at concentrations 1000 and 1500 nl l À1 , which was five times higher than the concentration of 1-methylcyclopropene (1-MCP) (200 nl l À1 ) used as a standard. The effectiveness of 1-OCP and 1-DCP was a function of time and temperature. At short (2 h) exposure times, the plants were highly sensitive to ethylene. Exposure time of 4 h for both 1-OCP and 1-DCP was sufficient to improve display life of miniature roses and longer exposures did not have any additional beneficial effect. Apparently, exposing miniature potted roses to various temperatures did not have an influence on the performance of both 1-OCP and 1-DCP while low temperature at 5°C reduced their performance. The reasons for differences in the effects of these compounds are discussed.
Introduction
Miniature potted roses are one of the major floricultural crops in the European market, and in the last decade they have rapidly increased their popularity in North America. The annual world production is estimated for more than 100 million pots. Major centers of production include Denmark (around 50% of the world production), the Netherlands, the United States of America, Canada and Japan. Miniature potted roses are also produced in smaller amount in France, Germany and Italy (Pemberton et al. 2003) . The acceptability and trade value of miniature potted roses can be influenced by postharvest longevity. Consequently, extensive efforts have been made to improve the quality and increase the production of these plants in Denmark (Serek and Anderson 1993) . However, loss of quality during postharvest and marketing in miniature potted roses is still an important problem which is mainly caused by ethylene (Serek 1993; Serek et al. 1994) . Ethylene reduces the postharvest quality by accelerating flower senescence as well as bud, flower and leaf drop and increases incidences of grey mould (Botrytis cinerea) infection. However, ethylene is not assumed to be the primary agent of leaf yellowing in miniature potted roses (Mu¨ller and Stummann 2003) . Variation in postharvest life of miniature roses is partly as a result of the differences in endogenous ethylene production during flower senescence, stress-induced ethylene evolution and sensitivity to exogenous ethylene. Sensitivity to ethylene plays an important role during transport and handling of potted roses in supermarkets and other areas where the air is commonly contaminated with ethylene (Mu¨ller et al. 1998 (Mu¨ller et al. , 2000a . The need for chemical protection from ethylene action has been recommended in many potted flowering plants in which low concentrations of ethylene causes rapid loss in display quality (Serek 1993; Serek et al. 1994) . Recently, a range of cyclopropenes (CPs) have been developed, which are effective in preventing the deleterious effects of ethylene in plants . The effects of these compounds as ethylene antagonist are attributed to their structural molecular strain that permits a very tight binding to electron donor compounds such as low valency, in the receptor. They compete with ethylene for the binding sites and remain bound to the receptor for a long time, thus preventing ethylene from binding (Sisler et al. 1996 (Sisler et al. , 1999 . The activity of CPs depends on the concentration required for inactivation of receptor and the duration of binding could be due to steric and inductive effects, regarding the position of a methyl group with respect to double bond (Sisler et al. 1996 (Sisler et al. , 1999 . Ethylene receptor inhibitors such as 1-MCP are thought to act by binding to a metal in the receptor. They compete with ethylene for the receptor, but do not induce ethylene responses (Sisler et al. 1990 ). 1-MCP, one of the most useful compounds among substituted CPs, is non-toxic compound, stable at room temperature, active at relatively low concentration, providing protection for a longer period of time up to 12 days after a single exposure, with out any detectable odor. Moreover, in the floriculture industry 1-MCP can be used as a replacement of silver thiosulfate (STS), which is considered to be toxic Serek 2001, 2003) . Other CPs substituted with the methyl group in the 1-position have been developed and tested as ethylene antagonists . When the chain length was extended to more than four carbons, the minimum concentration requirement declined ), however, 2 or 3 carbon side chain substituted at the 1-position, 1-ethylcyclopropene (1-ECP) and 1-propylcyclopropene (1-PCP), are still effective blockers of ethylene receptors and able to inhibit ethylene action in a wide scope of systems. These include climacteric fruits like avocado and tomato, 'the triple response' in etiolated peas and abscission of citrus leaf explants (Feng et al. 2004) . Only as low concentration as 0.3 nl l À1 is needed for both 8-carbon chain, 1-octylcyclopropene (1-OCP), and 10-carbon, 1-decylcyclopropene (1-DCP), to protect against ethylene response in banana fruits. Furthermore, the time of protection for 1-substituted CPs at ambient temperature (22-23°C) was significantly longer for 1-DCP (36 days) than that of 1-MCP (12 days) . Further, 1-substituted CPs tests were done on kalanchoe¨and sweet pea flowers, but their inhibiting effects were lower than in bananas (Kebenei et al. 2003a, b) . We hypothesized that 1-OCP and 1-DCP, CPs with 8 and 10-carbon chain length, respectively could significantly improve the display quality of miniature rose, important commercial potted plants, in protecting them against ethylene. We report here the difference in the display quality between two cultivars 'Lavender' with short flower life and 'Vanilla' with long-lasting flower, after pre-treatment with 1-OCP, 1-DCP and 1-MCP and afterwards continuous exposure to ethylene. We investigated the influence of treatment conditions, such as concentration, exposure time and temperature, on the postharvest quality of miniature rose plants.
Materials and methods

Chemicals
1-OCP and 1-DCP were synthesized at the Department of Molecular and Structural Biochemistry, North Carolina State University, Raleigh, USA, from 2-bromoalkenes and bromoform using 50% NaOH to produce a carbine and form a 1,1,2-cyclopropane, which was then reacted with methyllithium at dry ice temperature, to form cyclopropenes (Al Dulayymi et al. 1996 .
These compounds were then sent on dry ice to the University of Hannover, Germany. The compounds were subsequently divided into smaller samples of 0.5 ml and keep at À80°C until needed for the experiments. Each sample was then diluted with ether to a volume of 50 ml before being used for experiments. 1-MCP was obtained from AgroFresh Inc. (Rohm and Haas, AgroFresh Inc., Philadelphia, USA) in commercially available form.
Plant material
Rosa hybrida L. cultivar 'Lavender', which is sensitive to ethylene, was used to investigate the effects of extended chain length on the activity of inhibitors of ethylene receptors, 1-OCP and 1-DCP as compared with 1-MCP. In addition, miniature potted rose cultivar 'Vanilla' with excellent postharvest performance and low sensitivity to exogenous ethylene (Mu¨ller et al. 2001 ) was used to compare with 'Lavender' in the effects of exogenous ethylene after pre-treatment with inhibitors of ethylene receptors (1-OCP and 1-DCP), 'Lavender' obtained from Kordana breeding line of Rosen Kordes, W. Kordes' So¨hne Rosenschulen GmbH & Co KG, Sparrishoop, Germany was used to investigate the effect of 1-OCP concentration on display quality of miniature potted roses. The other miniature potted roses were produced in 10 cm-diameter pots (2 cuttings per pot) in a greenhouse at the University of Hannover during January-December, under the following conditions: 19-20°C/20°C (day/night temperature) and 60-85% relative humidity (RH), natural daylight was supplemented with 60 lmol m À2 s À1 from SON-T lamps (Osram, 400 W, Philips, Eindhoven, The Netherlands) over a 16 h (7.00-23.00) photoperiod. Paclobutrazol was used as a growth retardant at a concentration of 0.5%. Watering, fertiliser application and pest and disease control were carried out until plants were required for experiments. Miniature potted roses were used in the experiments when two to three flowers per pot were opened.
Effects of concentration of 1-OCP and 1-DCP on display quality
Potted miniature roses cultivar 'Lavender' plants were placed in 54 l glass chambers. The plants were exposed to the desired concentrations of 1-OCP or 1-DCP (200, 500, 1000 and 1500 nl l À1 ), respectively, and 200 nl l À1 of 1-MCP (Serek and Reid 2000) , sealed in glass chambers for 6 h at 20°C. The calculated volumes of the 1-OCP and 1-DCP were pipetted on filter paper in the glass chambers to increase the surface area and facilitate evaporation. 1-MCP was released from a commercial powdered formulation (SmartFresh TM , 0.14% a.i.) via addition of a few drops of water (%0.5 ml). Control plants were sealed in identical containers containing air for 6 h at 20°C. After the treatments, the chambers were vented for 30 min and the plants were transferred and placed randomly in a glass chamber, sealed and kept in an interior environment room, which was maintained at 20°C, 60-70% RH. The plants were exposed to 12 h light from cool white fluorescent tubular lamps providing 20 lmol m À2 s À1 . The glass chambers were ventilated (200 l h À1 ) with air containing a range of ethylene concentration 1.25 (±0.25) ll l À1 provided by a simple diffusion system (Saltveit 1978) throughout the experimental period. The concentration of ethylene was determined daily using a Perkin-Elmer portable digital gas chromatograph (GC Voyager FFKG312, Ontario, Canada) equipped with a photoionisation detector. The carrier gas was N 2 at 40 ml min À1 , the injection temperature was 60°C and the column temperature was 60°C. The display quality was determined after every 3 days by recording the percentage of leaf drop (80% leaf drop was considered unacceptable), and the number of days to onset of total bud drop (number of abscised or dead buds) and flower drop (individual flower longevity from the day of anthesis to petal drying or abscission).
Effects of treatment time on 1-OCP and 1-DCP on display quality
The optimum concentrations from the Section 'Effect of concentration of 1-OCP and 1-DCP on display quality' were used. Potted 'Lavender' plants were selected and placed in 54 l glass chambers. They were treated with 1000 nl l À1 1-OCP or 1-DCP in sealed glass chambers at 20°C, but at different exposure times (2, 4, 6 and 12 h). The 1-MCP treatments (200 nl l À1 ) were sealed for 6 h (Serek et al. 1994; Serek and Reid 2000) . Control plants were sealed in identical containers containing air for 6 h at 20°C. After treatments, the plants were exposed to the same procedure as previously described in Section 'Effect of concentration of 1-OCP and 1-DCP on display quality'.
Effects of temperature on efficacy of 1-OCP and 1-DCP on display quality
The temperature inside growth chambers were set 5, 10, 15 and 20°C and allowed to stabilize overnight. Potted 'Lavender' plants were selected and placed in 54 l glass chambers. They were treated with 1000 nl l À1 1-OCP and 1-DCP in sealed glass chambers at 20°C, but at different exposure times (2, 4, 6 and 12 h). 1-MCP treatments (200 nl l À1 ) were sealed for 6 h (Serek et al. 1994; Serek and Reid 2000) . Control plants were sealed in identical containers containing air for 6 h at 20°C. After treatments, the plants were handled as previously described in Section 'Effect of concentration of 1-OCP and 1-DCP on display quality'.
Comparison of effectiveness of 1-MCP, 1-OCP and 1-DCP between 'Lavender' and 'Vanilla' cultivars Potted 'Lavender' and 'Vanilla' plants were selected and placed in 54 l glass chambers. They were treated with 1-OCP and 1-DCP at the best condition from the previous experiments in sealed glass chambers at 20°C. 1-MCP treatments (200 nl l À1 ) was sealed for 6 h (Serek et al. 1994; Serek and Reid 2000) . Control plants were sealed in identical containers containing air for 6 h at 20°C. After treatments, the plants were exposed to the same procedure as previously described in Section 'Effect of concentration of 1-OCP and 1-DCP on display quality'. During the experimental period, 1-OCP and 1-DCP experiments were conducted separately and 1-MCP was used in both experiments as the standard.
Experimental design and statistics
The experiments were conducted in a completely randomized design using 3 pots per treatment and two replications. Each pot contained 2 miniature rose cuttings. The data obtained was subjected to analysis of variance (ANOVA) using the general linear models (Proc GLM) procedure of the Statistical Analysis System (SAS 2002) program package. Multiple comparisons among means was done using the Least Significant Difference (LSD) at p = 0.05.
Results
Effect of concentrations of 1-OCP and 1-DCP on display quality Display quality was characterized by leaf flower and bud drop. Lavender, which is sensitive to ethylene, resulted in leaf drop, the most obvious symptom. Miniature rose plants treated with concentration of 200 nl l À1 1-OCP and 1-DCP reached 80% leaf drop after 9 days of continuous exposure to ethylene and were not different from untreated (control) plants (Figures 1a and 2a) . Plants pretreated with 500-1500 nl l À1 of 1-OCP or 1-DCP reduced leaf drop and therefore improved display quality up to 15 days as compared to the control (Figures 1a and 2a) . Pre-treatment with 1-MCP, 500-1500 nl l À1 1-OCP, and all used concentrations of 1-DCP significantly (p < 0.001) increased the number of days to the total bud and flower drop compared to control plants. There were no differences between 1-MCP and long chains CPs (Figures 1d and 2d) The best display quality was achieved by pre-treating miniature roses with 1000, 1500 nl l À1 for both 1-OCP and 1-DCP (Figures 1a, d and 2a, d ). Increasing the concentration of 1-OCP and 1-DCP from 1000 to 1500 nl l À1 did not show further improvement in display quality of plants. Also, no toxicity was observed with high concentration of 1500 nl l À1 . Additionally, ether used to dissolve 1-OCP and 1-DCP had no effect on the display quality of 'Lavender' (data not shown). Concentrationwise, 1-MCP was more effective than 1-OCP and 1-DCP.
Effect of exposure time of 1-OCP and 1-DCP on display quality
Exposing miniature potted roses to 1000 nl l À1 1-OCP or 1-DCP for 4 up to 12 h significantly (p < 0.001) delayed leaf drop (Figures 1b and 2b ) and increased the number of days to the onset of total bud and flower drop (Figures 1e and 2e) . However, exposure time of 2 h had no effect on leaf drop, total bud and flower drop. Plants pretreated for a short time (2 h) showed a fast response to ethylene by reaching 80% leaf drop after day 9 (Figures 1b and 2b ) and took about 7 days to reach the total bud and flower drops for both 1-OCP and 1-DCP. The untreated (control) plants reached 80% leaf drop within 6 days as well as the total bud and flower drops, respectively (Figures 1b and 2b) . Within the time range (4-12 h), 1-OCP treatments were less effective than 1-MCP, with respect to leaf drop. Also it took 1-OCP treated plants 8 days to attain the total bud and flower drop while 1-MCP treated plants took 12 days. The 1-DCP treatments were not different from 1-MCP with respect to percent leaf drop. Exposing plants to 1000 nl l À1 1-DCP for 2 up to 12 h significantly increased the number of days to total bud and flower drop (Figure 2e ). Additionally, after 12 h exposure to 1-DCP, it took 10 days to attain total bud and flower drop. However, 1-MCP was the most effective in arresting total bud and flower drop.
Effect of temperature of 1-OCP and 1-DCP on display quality
Treatment of miniature roses with 1-OCP and 1-DCP (1000 nl l À1 ) for 4 h at all temperature regimes (5, 10, 15 and 20°C) significantly improved their display quality as showed by reduced leaf drop, total bud and flower drop compared with the control (Figures 1c, f and 2c, f) . All temperature levels significantly (p < 0.001) decreased leaf drop and increased number of days to the onset of total bud and flower drop as compared to the untreated (control) plants (Figures 1c,  f and 2c, f) . No significant difference was observed in display life among all the temperature levels (5-20°C) in flowers treated with 1-OCP and 1-DCP. Plants treated with 1-MCP gave better results than that of 1-OCP and 1-DCP.
Efficacy of 1-MCP, 1-OCP and 1-DCP in cultivars 'Lavender' and 'Vanilla'
Efficacy of ethylene action inhibitors 1-MCP, 1-OCP and 1-DCP between 'Vanilla' long lasting flower and 'Lavender' with short flower life was investigated. In both cultivars, ethylene accelerated flowers senescence. However, there were distinct differences between 'Vanilla' and 'Lavender' when they were continuously exposed to 1.25 nl À1 ethylene (Figure 3) . 'Vanilla' untreated plants attained 40% leaf drop after 6 days of continuous exposure to ethylene, while the display quality of 'Lavender' was clearly reduced to 80% leaf drop in the same period (Figure 3a, b) . Additionally, it took 6 days to attain total bud and flower drops in 'Lavender' (Figure 3d) . Pretreatment with ethylene receptor inhibitors, 1-OCP, 1-DCP and 1-MCP, improved the display quality in both cultivars. In 'Vanilla', the trend of percent leaf drop in flowers treated with 1-OCP and 1-DCP were similar to that of 'Lavender'. Also, 1-OCP treated plants reached 100% leaf drop after day 15 and were less effective than 1-DCP. There was no significant difference between the display quality of 1-DCP and 1-MCP. However, it took 9 and 10 days for 'Vanilla' plants to attain total bud and flower drop for 1-OCP and untreated (control) plants, respectively. On the other hand, it took 11 and 12 days for 'Vanilla' plants treated with 1-DCP and 1-MCP to attain the total bud and flower drop (Figure 3c ), respectively. In 'Lavender' 1-OCP compared favorably with 1-DCP with respect to percent leaf drop while pretreatment with 1-MCP was the most effective in improving the display quality of miniature roses. The untreated 'Lavender' plants took 6 days to attain total bud and flower drop while it took 8, 9 and 10 days for 1-OCP, 1-DCP and 1-MCP, respectively (Figure 3d ).
Discussion
The duration of quality improvement was dependent on the concentrations. Two structural analogues of 1-MCP, with substitution in 1-position; 1-OCP and 1-DCP, were considered to be putative inhibitors of ethylene action. Their potency was evaluated by their ability to counteract ethylene-induced responses (leaf, bud and flower abscission). These two analogues exerted their effect in a similar manner to 1-MCP by blocking the binding site of ethylene in receptor (Sisler and Serek 1997; Feng et al. 2004) . In this study, all these compounds were effective in blocking the ethylene receptor and improving the display quality of miniature potted roses when compared to untreated control plants. Based on the substitution with 8 and 10 carbon chains at 1-position of the cyclopropene, both compounds were effective in improving display quality from exogenous ethylene, but in terms of concentration, they were less effective than 1-MCP. Moreover, the concentration required for 1-OCP and 1-DCP were about 5 times higher than that of 1-MCP. This is contrast to the previous studies of and Kebenei et al. (2003a, b) , where 1-OCP was effective at lower concentrations than 1-MCP in delay ripening in bananas and improving display life and quality of kalanchoe¨and sweet pea, respectively. Sisler and Serek (1997) suggested that for the maximum response in growing vegetative tissue, a higher concentration of an inhibitor is needed. Besides, flowers on intact plants, as used by Mu¨ller et al. (2000a, b) in their study, may react differently to exogenous ethylene treatments than detached kalanchoe¨flowers (Kebenei et al. 2003a, b) . Probably the presence of many leaves in whole plants could have absorbed higher amounts ethylene than excised flowers (Mu¨ller and Stummann 2003) . In miniature roses, pretreatment with 1-MCP obviously reduced the rise in autocatalytic ethylene production in flowers (Mu¨ller and Stum- mann 2003), whereas in vegetative tissue, such as tobacco leaves, ethylene production was autoinhibitited by a negative feedback control (Philosoph-Hadas et al. 1985) . Furthermore, another factor that should be taken into consideration is the time it takes ethylene inhibitors to bind to the receptors and regain activity. This suggests that the same receptor is becoming active again or that new receptors are being produced (Sisler et al. 1990 ). The fact that some time after the treatment with 1-OCP or 1-DCP the tissue became sensitive to ethylene again, assumes that free binding sites, on the ethylene receptor, are present in the tissue at the point of recovery from the inhibition. However, the analogue 1-OCP was found to be a more potent inhibitor than 1-DCP, when pretreated to ethylene-sensitive cultivars like 'Lavender'. In contrast, pre-treating 'Vanilla' with long lasting-flower, with 1-DCP was more effective than 1-OCP.
Both 1-OCP and 1-DCP are gases at room temperature (Closs 1966) . They need to be dispersed as liquids which need time to evaporate and diffuse to the binding sites and in order to bind to them. Display quality was dependent on exposure time, such that, longer exposure times improved the display quality better than shorter exposure times. Similar observations were reported on other cyclopropenes (Dupille and Sisler 1995; Sisler et al. 1996 Sisler et al. , 1999 . Molecular weight has no influence on evaporation such that higher molecular weight compounds bind as rapidly as the lower ones, suggesting evaporation time into the gaseous phase is not a big factor . Continuous exposure for longer periods results in saturation of the receptor and further treatment does not give any additional effect. For example, exposure of both chemicals for 12 h gave the same effect as 4 h exposure. Therefore, a 4 h exposure is sufficient to give better improvement against ethylene. Shorter exposure time (2 h) with the same concentration was not satisfactory. This may require a higher concentration of the respective cyclopropenes (Sisler et al. 1999 for the same beneficial effect to be realized.
Temperature has a direct influence on the exposure time and concentration of the treatment. At lower temperatures, a higher concentration and longer time of treatment is required (Sisler et al. 1996 (Sisler et al. , 1999 Sisler and Serek 1997) . In this study, the temperature range 5-20°C had no effect on the activity of both chemicals, implying that pre-treatment of potted roses with these compounds can be done within temperature that range from 5 to 20°C without any affects on their effectiveness. Contrary to kalanchoe¨ (Kebenei et al. 2003a, b) , the activity of 1-OCP was influenced by temperature, and it was more potent at 15 and 20°C higher temperatures than at lower (5 and 10°C) temperatures. In carnations and Penstemon, higher concentration of 1-MCP was required at low temperatures in order to give protection against ethylene (Serek et al. 1995; Sisler et al. 1996) .
Differences in ethylene production and/or sensitivity are a vital factor regulating flower life. For this reason ethylene partly resulted in differential in display quality (Mu¨ller et al. 1998 (Mu¨ller et al. , 2001 ). Ethylene caused leaf, bud and flower drop, but there were differences among cultivars. In 'Lavender', which is sensitive to ethylene, significantly exhibited 80% leaf drop as well as a total bud and flower drops within 6 days as compared to 'Vanilla' which took 9 days. It could be assumed that 'Lavender' was similar to cultivar 'Bronze' in which exposure to ethylene induces an autocatalytic rise in ethylene with constant increase in endogenous ethylene levels (Mu¨ller et al. 2001 ). Although, 'Vanilla' had excellent longevity and seemed to be almost completely insensitive to exogenous ethylene (Mu¨ller et al. 2001) , continuous exposure to ethylene caused flower, bud and leaf drop. In current study, 'Vanilla' lost within 9 days about 80% leaf drop and total bud and this was retarded by ethylene inhibitors. In miniature roses 'Victory Parade', 1-MCP protected against exogenous ethylene, increased display life and reduced abscission of buds, flowers and leaves (Serek et al. 1994) . Therefore, for ethylene-sensitive cultivars like 'Lavender', ethylene inhibitor treatment will be an important practical tool, in increasing the postharvest life after ethylene exposure. It would also be more effective in improving the display quality of ethylene sensitive cultivar, 'Lavender', than ethylene insensitive 'Vanilla'.
In conclusion, our results demonstrated the potency of 1-MCP and long chain CPs, 1-OCP and 1-DCP, as ethylene antagonists in improving display quality of miniature potted roses. Additionally, 1-MCP was the most potent ethylene inhibitor in terms of concentration and duration of exposure in improving display quality as compared to 1-OCP and 1-DCP. Therefore, 1-MCP is more suitable for use in potted plants while 1-OCP is more effective in prolonging the display life of individual flowers like kalanchoe¨.
